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Despite the rather detailed knowledge of the recognition domains for both protein and RNA, we still understand little about the underlying rules controlling this interaction.
The approaches outlined above are basically structural in nature and they unfortunately give us few clues about the chemical forces involved in protein-RNA complex formation. Information about these forces conceivably could be obtained from studies of the thermodynamics of these interactions. Before this can be done, however, it is essential to have a rapid and convenient method for measuring the binding reaction. In dealing with two interacting macromolecules this is not always readily accomplished. To obtain such measurements it is necessary to be able to separate the protein-RNA complex from the unbound protein . To this end, protein-RNA complexes have been fractionated from free protein by sucrose gradient centrifugation, gel filtration, and gel electrophoresis 9 ' ' . Recently, we have developed a technique to achieve this separation under near-equilibrium conditions by nitrocellulose membrane filtra-1 2 tion ' . We report here the use of this technique to measure binding properties of proteins S4, S7, S 8 , S15, S17, and S20 with 16S RNA. 
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t i v i t y to d e t e r m i n e the total p r o t e i n c o n c e n t r a t i o n . Up to 12 s a m p l e s w e r e f i l t e r e d t h r o u g h p r e -w e t t e d n i t r o c e l l u l o s e f i l t e r s ( M i l l i p o r e , type HA, 0.45 ym p o r e s i z e ) w i t h the aid of low n i t r o g e n p r e s s u r e ( a p p r o x i m a t e l y 2 p s i ) . The a p p a r a t u s was i n v e r t e d w h i l e p r e s s u r e was m a i n t a i n e d . T h e f i l t r a t e w a s a s s a y e d for RNA r e c o v e r y and the r a d i o a c t i v e p r o t e i n . In all e x p e r i m e n t s the final c o n c e n t r a t i o n of b o u n d p r o t e i n w a s c o r r e c t e d for the a p p r o x i m a t e 5% of u n b o u n d p r o t e i n w h i c h l e a k s t h r o u g h the f i l t e r . C o n t r o l e x p e r i m e n t s w e r e a l s o done u s i n g n o n -c o g n a t e ribosomal RNA. R E S U L T S In e a r l i e r w o r k w e d e m o n s t r a t e d that n i t r o c e l l u l o s e f i l t e r s can r e t a i n r i b o s o m a l p r o t e i n s w h i l e a l l o w i n g r i b o s o m a l RNA and 1 2 p r o t e i n -R N A c o m p l e x e s to pass t h r o u g h ' . T h i s t e c h n i q u e a l l o w s the r a p i d a n d c o n v e n i e n t m e a s u r e m e n t of the a m o u n t of p r o t e i n bound to r i b o s o m a l RNA. We have used t h i s m e t h o d to s t u d y the 16S RNA b i n d i n g c h a r a c t e r i s t i c s of six 30S r i b o s o m a l p r o t e i n s . B i n d i n g curves o b t a i n e d by this m e t h o d a r e s h o w n in F i g u r e s 1 and 2. The b i n d i n g c h a r a c t e r i s t i c s of p r o t e i n s S 4 , S 8 , S20 and S15 ( d a t a not s h o w n ) are all very s i m i l a r . S a t u r a t i o n of the RNA for t h e s e f o u r p r o t e i n s is r e a c h e d at b e t w e e n 0.8 and 1.1 c o p i e s of p r o t e i n bound per RNA m o l e c u l e . The b i n d i n g c u r v e s for p r o t e i n s S7 and S17 are s o m e w h a t d i f f e r e n t from the o t h e r p r o t e i n s w e h a v e s t u d i e d . The i n i t i a l s l o p e of the b i n d i n g c u r v e for p r o t e i n S7 is s i g n i f i c a n t l y m o r e s h a l l o w w i t h a less d r a m a t i c p l a t e a u , i n d i c a t i n g a r e l a t i v e l y w e a k e r i n t e r a c t i o n w i t h the RNA. On the o t h e r h a n d , the binding c u r v e of p r o t e i n S17 s h o w s a s t e e p i n i t i a l s l o p e and the b i n d i n g b e g i n s to p l a t e a u at l e v e l s a p p r o a c h i n g 1.3 copies p e r RNA m o l e c u l e . This s u g g e s t s that p r o t e i n S 1 7 has more than one b i n d i n g s i t e on 16S RNA u n d e r t h e s e c o n d i t i o n s and that the b i n d i n g s i t e s are r e l a t i v e l y s t r o n g . A l t h o u g h r e l a t i v e b i n d i n g s t r e n g t h s of t h e s e p r o t e i n s to
t a c l a r i f i e s t h e s i t u a t i o n c o n s i d e r a b l y . F i g u r e 5 A s h o w s t h e p l o t o f v / [ A ] v s . v. T h e d a t a f o r m a s m o o t h c u r v e w i t h a d e c r e a s i n g s l o p e a n d b i n d i n g a f f i n i t y as v i n c r e a s e s . This t y p e o f b i n d i n g b e h a v i o r is c o n s i s t e n t w i t h t h e p r e s e n c e o f t w o i n d e p e n d e n t s i t e s o n t h e RNA w h i c h a r e r e c o g n i z e d by p r o t e i n S 1 7 . F u r t h e r m o r e , t h e s e t w o s i t e s w o u l d h a v e to h a v e s u b s t a n t i a l l y d i f f e r e n t b i n d i n g a f f i ni t i e s f o r t h e p r o t e i n to p r o d u c e t h e type of c u r v e s e e n in F i g u r e 5 A . T h e a s s o c i a t i o n c o n s t a n t s f o r b o t h t h e s t r o n g (K-|) a n d t h e w e a k ( K -) b i n d i n g i n t e r a c t i o n s w e r e e x t r a c t e d f r o m t h e d a t a in F i g u r e 5 A u s i n g a g r a p h i c a l m e t h o d o r i g i n a l l y d e s c r i b e d by S c a t c h a r d e_t a±. . It w a s a s s u m e d t h a t a t l o w p r o t e i n to RNA r a t i o s , p r o t e i n S 1 7 p r i m a r i l y b i n d s to t h e h i g h a f f i n i t y s i t e s o n 1 6 S R N A . A s t r a i g h t l i n e w a s d e t e r m i n e d f o r t h e p o i n t s o b t a i n e d a t l o w v v a l u e s . T h e b i n d i n g c o n s t a n t ( K, ) a n d n u m b e r o f b i n d i n g s i t e s ( n , ) w e r e c a l c u l a t e d from t h e s l o p e o f t h i s v-v,
F i g u r e 5 A . S c a t c h a r d p l o t f o r t h e a s s o c i a t i o n o f p r o t e i n S17 w i t h 16S RNA.
T h e d a s h e d l i n e r e p r e s e n t s t h e s t r o n g b i n d i n g and was d r a w n t h r o u g h p o i n t s o f v l e s s t h a n 0 . 4 . F i g u r e 5 B .
P l o t o f t h e w e a k b i n d i n g o f -S 1 7 t o 16S RNA ( s e e t e x t ) .
line and the x -i n t e r e c e p t , r e s p e c t i v e l y . A plot of ( v -v , ) / [ A ] vs. ( v -v , ) was c o n s t r u c t e d (
Figure 5B) and the slope and x-intercept of that curve w e r e used to compute K~ and n~. The results of these c a l c u l a t i o n s are presented in T a b l e 1. One interpretation of these data is that about half of the 16S RNA p o p u l a t i o n consists of m o l e c u l e s which possess a very strong r e c o g n i t i o n site for p r o t e i n S17 w h i l e the other half of the m o l e c u l e s contain a relatively weak S17 binding site.
D I S C U S S I O N The n i t r o c e l l u l o s e m e m b r a n e f i l t r a t i o n t e c h n i q u e we h a v e used to study ribosomal protein-RNA i n t e r a c t i o n s has a number of important a d v a n t a g e s over techniques e m p l o y e d by o t h e r w o r k e r s . Our m e t h o d provides a very sensitive p r o c e d u r e w h i c h r e q u i r e s small q u a n t i t i e s of p r o t e i n and RNA, e n a b l i n g the d e t e c t i o n of as little as 30 pmoles of complex. In a d d i t i o n to being very s e n s i t i v e , the t e c h n i q u e is extremely rapid, a l l o w i n g isolation of the c o m p l e x e s w i t h o u t any d e m o n s t r a b l e p e r t u r b a t i o n of equili-41 brium and can be used to d e t e r m i n e the p e r c e n t a g e of protein
o that is c o m p e t e n t for RNA binding . These a d v a n t a g e s make it possible to rapidly and c o n v e n i e n t l y obtain a large a m o u n t of q u a n t With all reconstitution conditions equal, the differences in the binding affinities of ribosomal proteins for RNA are probably a consequence of the size and complexity of the binding domain as well as the conformational integrity or stability of the interacting regions of both protein and RNA.
i t a t i v e data for a given p r o t e i n -n u c l e i c acid i n t e r a c t i o n . The binding i s o t h e r m s obtained from the n i t r o c e l l u l o s e filtration assay c o m p a r e f a v o r a b l y with those o b t a i n e d by s u c r o s e g r a d i e n t centri f u g a t i o n , and gel f i l t r a t i o n
H o w e v e r , none of these i n v e s t i g a t i o n s p r o d u c e d s u f f i c i e n t q u a n t i t a t i v e data to permit the c a l c u l a t i o n of a s s o c i a t i o n c o n s t a n t s . Our n i t r o c e l l u l o s e f i l t r a t i o n t e c h n i q u e a l l o w s the d i r e c t d e t e r m i n a t i o n of a s s o c i a t i o n c o n s t a n t s . P r e c i s e k n o w l e d g e of the c o n c e n t r a t i o n of RNA, the amount of bound p r o t e i n , the amount of total p r o t e i n in the system a n d , by d e d u c t i o n , the amount of unbound p r o t e i n permits the c a l c u l a t i o n of an a p p a r e n t a s s o c i a t i o n c o n s t a n t as well as
The weakest protein-RNA interaction we have found is that of protein S7. This confirms earlier work suggesting the in-stability of this interaction ' . In studies on interdependent assembly relationships, Mizushima and Nomura found that maximum binding of protein S7 was only achieved in the presence of five other ribosomal proteins (S4, S8, S9, S19 and S 2 0 ) . This could be explained in o n e of two ways. Either the auxiliary proteins increase the number of RNA binding sites in the population or they directly or indirectly increase the stability of the S7-16S RNA complex. Since we find that the 16S RNA population has one binding site for protein S7, we must conclude that the other proteins exert their effect by somehow increasing the binding affinity of protein S 7 . either via direct proteinprotein contacts or indirectly induced, new RNA-protein interactions.
The interaction of protein S17 with 16S RNA was originally thought to be non-specific , based on the observations that it apparently bound 23S RNA as well as 16S RNA and that the saturation binding curve failed to reach a plateau. Later work, however, contradicted these results showing that this protein 29 37 binds only 16S RNA and that a plateau is actually achieved ' Our results corroborate the conclusion that S17 binds 16S RNA with specificity. However, we find that the binding is not a simple direct formation of a one to one complex. In o u r experiments, protein S17 exhibited two levels of interaction. At low molar input ratios of S17 to RNA, the binding is very strong as reflected by the steepness of the saturation curve. However, it appears that the strong binding site becomes fully occupied early, and that a weaker binding process becomes dominant. This binding behavior is most clearly seen in the Scatchard analysis of the data. From the Scatchard plot we extracted the weak and strong binding constants as well as the respective numbers o f binding sites. By this analysis the total number of protein SI 7 binding sites per RNA molecuVe was determined to be 1.8. Extrapolation of the curve representing the strong binding to the abscissa yields a value o f 0.6 binding sites. This suggests that roughly 60% of the RNA molecules prepared by our procedures contain a strong binding site and that the remaining RNA molecules are capable of only a weaker binding. Extracting the strong binding values produces a Scatchard plot for the weak i n t e r a c t i o n , from which we calculate that approximately 1.2 weak SI 7 binding sites exist within the RNA population. There are several possible e x p l a n a t i o n s of these o b s e r v a t i o n s . For e x a m p l e , one could imagine that the RNA population consists of molecules each of which contains a single independent weak b i n d i n g site. With this model one must then postulate that roughly half of the RNA population contains a second, relatively strong S17 binding site.
An a l t e r n a t i v e model to explain the S17 binding behavior can be s u g g e s t e d . It is possible the S17 binding site of our 16S RNA p r e p a r a t i o n consists of two domains brought t o g e t h e r via "long range" RNA-RNA i n t e r a c t i o n s . Roughly half of the RNA population might contain the complete SI 7 binding site with an intact long range i n t e r a c t i o n , and the other half could have incompletely renatured to produce molecules c o n t a i n i n g two weak binding domains devoid of the long range i n t e r a c t i o n s .
Although there are a number of other possible hypotheses which could explain our results with protein S 1 7 , several published investigations tend to support the second proposal involving long range RNA-RNA i n t e r a c t i o n s . Protein S17 is thought to interact with 16S RNA within the S4 binding domain (i.e. the 5' region) . This region is structurally complex and has been shown to contain domains of long range 38 39 interaction . Furthermore, Woese e_t aJK have recently proposed a secondary structure for 16S R N A , based on chemical and n u c l e a s e susceptibility studies as well as comparative sequence a n a l y s i s . Their proposed structure contains several striking points of long range i n t e r a c t i o n . One of these involves the 5' end of the RNA and a region d o w n s t r e a m around the first one-third s e c t i o n . It seems likely that in fact long-range interactions do exist within the S17 binding d o m a i n . In a d d i t i o n , it has been observed that the 5' region of 16S RNA has a d e f i n i t e tendency to incompletely renature . Although these o b s e r v a t i o n s do not prove the h y p o t h e s i s , they certainly are c o n s i s t e n t . Clearly much more needs to be done to fully explain the binding c h a r a c t e r i s t i c s of protein S17. u m m a r y , w e have u t i l i z e d a r a p i d , q u a n t i t a t i v e  t e c h n i q u e for the i s o l a t i o n o f p r o t e i n -R N A c o m p l e x e s and have  used this t e c h n i q u e for the a n a l y s i s o f the i n t e r a c t i o n s o f  r i b o s o m a l p r o t e i n s with 16S RNA. Using d o u b l e reciprocal a n d  S c a t c h a r d a n a l y s e s , w e found that p r o t e i n s S 4 , S 7 , S 8 , S 1 5 , S17 a n d S20 bind s p e c i f i c a l l y a n d i n d e p e n d e n t l y to 16S RNA. A s s o c i a t i o n c o n s t a n t s for these p r o t e i n -R N A i n t e r a c t i o n s c l u s t e r around 1 0 M , except for p r o t e i n S 7 w h i c h binds more w e a k l y at about 1 0 M . W e a n t i c i p a t e that this p r e c 
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